Body odors provide a rich source of sensory information for other animals. There is considerable evidence to suggest that shortterm fluctuations in body odor can be caused by diet; however, few, if any, previous studies have demonstrated that specific compounds can directly mask or alter mouse urinary odor when ingested and thus alter another animal's behavior. To investigate whether the ingestion of citronellal, a monoterpene aldehyde that produces an intense aroma detected by both humans and mice, can alter mouse urinary odor, mice (C57BL6J) were trained in a Y maze to discriminate between the urinary odors of male donor mice that had ingested either citronellal in aqueous solution or a control solution. Trained mice could discriminate between urinary odors from the citronellal ingestion and control groups. A series of generalization tests revealed that citronellal ingestion directly altered mouse urinary odor. Moreover, trained mice that had successfully discriminated between urinary odors from donor mice of different ages failed to detect age-related changes in urine from male mice that had ingested 50 ppm of citronellal. This study is the first to show that ingestion of a xenobiotic can alter mouse urinary odor and confuse the behavioral responses of trained mice to age-related scents.
Introduction
Body odors provide a rich source of chemical sensory information for other animals; for example, individual body scents, present in urine, are influenced by differences in genetically encoded species information (Yamazaki et al. 1994; Isles et al. 2001) , sex (Novotny et al. 1985 (Novotny et al. , 1986 Swaney et al. 2007; Ramm et al. 2008) , individual identity (Yamazaki et al. 1976; Yamaguchi et al. 1981; Hurst et al. 2001) , and kinship (Yamazaki et al. 2000; Broad et al. 2006 ) of the owner, as well as information about the animal's current reproductive status (Novotny et al. 1999; Zhang et al. 2008; Osada et al. 2009 ), virus infection status , and age (Kokko and Lindstrom 1996; Ferkin 1999; Osada et al. 2003; Muller et al. 2006; Osada, Curran, et al. 2008 ), all of which may influence other animal's behavior and mate selection. It is generally believed that each of these characteristics must be relatively stable over a considerable time period in an individual animal in order to influence body odors so that the individual can be recognized in multiple behavioral and social contexts.
Nevertheless, there is considerable evidence that shortterm fluctuations in body odor can result from dietary changes (Leon 1975; Beauchamp 1976; Ferkin et al. 1997; Kwak et al. 2008) . Some reports suggest that dietary changes can mask genetically determined odortypes, preventing recognition of individuals (Brown et al. 1996) . In a previous study by our group, a Y-maze olfactometer was used to demonstrate that age-related changes in urinary odor enable C57BL/6J (B6) mice to determine the ages of other mice by sensing changes in the amounts of several specific volatile compounds (Osada et al. 2003) . In another study, we showed that aged B6 male mice developed an aging-associated odor that was attractive to female mice in an experimental setting and that this attraction was due to an increase in 3,4-dehydroexo-brevicomin (DB), 2-sec-butyl-4,5-dihydrothiazole (BT), and 2-isopropyl-4,5-dihydrothiazole (IT) ). Another of our recent studies suggested that ingestion of mugwort and mushroom extract decreased the intensity of odors associated with aging in mice by decreasing specific urinary chemicals that normally increase with age, although we found no evidence to suggest that xenobiotic chemicals from these edible herbs were released into the urine (Osada, Curran, et al. 2008) .
Few, if any, studies have demonstrated that specific odorous compounds found in food directly mask or alter urinary odor when ingested and thus alter animal behavior. However, previous studies have not examined whether orally ingested odorous compounds are directly released into bodily fluids so that they can be detected by other animals, or if these exogenous compounds can mask age-related differences in mouse chemosignals embedded in the urine. The experiments described in this study have been designed to address these questions.
Citronellal was chosen as the experimental exogenous odorant for several reasons: it is a monoterpene aldehyde that produces one of the most intense aromas for humans (Appell 1974 ) and mice (Krautwurst et al. 1998) , it is present at high concentrations in Japanese pepper (Jiang and Kubota 2004) , and it is commonly used to mask unpleasant fatty and fishy flavors in broiled eel; large amounts of citronellal are detected in citrus fruit, lemon balm (Melissa officinalis L.), and lemon gum (Eucalyptus citriodora) (Choi and Sawamura 2002; Nhu-Trang et al. 2006) ; it is an aromatic, harmless (Gomes-Carneiro et al. 1998) , and ubiquitous volatile compound found naturally in food; and it can be ingested by both humans and wild rodents.
Based on the above evidence, we hypothesized that citronellal may be an ''edible perfume'' capable of altering or masking a mouse's urinary odor. The most straightforward technique for discriminating between 2 chemosignals (i.e., whether they contain different information) is to test whether a sensor mouse can be trained to tell them apart. Hence, in this study, a Y-maze paradigm was used (Yamazaki et al. 1979; Yamaguchi et al. 1981; Beauchamp and Yamazaki 2003) in which mice were trained to discriminate between odor samples that differed only in the presence or absence of citronellal (studies 1 and 2) or in the age of the donor mouse (study 3), using a water reward for water-deprived odor sensor mice. The study covered a period of 10 months and involved approximately 3000 training and testing trials with urine and aqueous odor samples using a standard Y-maze system.
Materials and methods

Mice
Odor donor and trained odor sensor C57BL6J mice were bred at the Health Sciences University in Hokkaido. Animals were maintained in a room at 22°C with a photoperiod of 12:12 (L:D nonreversed) and provided with ad libitum access to food (Lab Chow, MF, Oriental Yeast) and water. The animals were cared for in accordance with the NIH Guide for the Care and Use of Laboratory Animals, and the Animal Ethics and Research Committee of the Health Sciences University of Hokkaido approved the experimental protocols prior to experimentation.
Administration of citronellal and collection of urine samples
To collect urine samples for use in the behavioral and chemical experiments conducted in studies 2 and 3, urine donor mice ingested citronellal solution (0, 10, or 50 ppm in drinking water; n = 5 per group) for 12 days. Urine samples were collected from young adult (Adult: 4-5 months old) and aged adult (Aged: 17-19 months old) male B6 mice housed in metabolic cages. For the behavioral studies, the test samples consisted of pooled urine samples collected from the experimental groups. To avoid diurnal fluctuations in urinary chemical content, urine collection was performed between 18:00 and 8:00. Urine sampling was conducted on days 1, 6, and 12. Voided urine samples were collected from Adult and Aged B6 mice using gentle abdominal pressure, diluted 5·, and used in training trials for study 3. Urine samples and the citronellal solutions were stored at -20°C.
The citronellal solutions employed in this study had citronellal concentrations similar to those found naturally in plants (Nhu-Trang et al. 2006) . Citronellal (10 and 50 ppm) and control (0 ppm citronellal) solutions were prepared as follows: undiluted citronellal (Sigma-Aldrich Corp.) was dissolved in ethanol to make a 10% solution and was then mixed with deionized water. To avoid a neophobic response by urine donor mice to the distinct odor of citronellal (Epple et al. 2004 ), 1.7% sucrose was added to the solutions. The control solution contained 1.7% sucrose and a volume of ethanol equivalent to that of citronellal in the corresponding experimental solution.
Urine donor mice ingested citronellal or control solution as the sole source of drinking water for 12 days. The average daily intake of the solutions was 9.5 ± 1.0 mL (50 ppm), 9.5 ± 0.4 mL (10 ppm), and 9.8 ± 1.8 mL (0 ppm), respectively; thus, citronellal neophobia was successfully prevented by the addition of sucrose. However, these intake levels were more than twice the normal tap water intake (n = 3: 4.2 ± 0.5 mL). There was no significant difference in fluid intake between the Adult and Aged mouse groups.
Y maze
A custom-made Y maze (long arm length: 450 mm, short arm length: 400 mm, arm width: 100 mm) was constructed from Plexiglas (1 cm thick). The design and operation of the Y maze used in this study are described in a previously published report (Yamaguchi et al. 1981) and in the legend for Figure 1 . Briefly, the 2 arms of the maze were scented by air currents conducted through chambers containing odor source materials in petri dishes.
Y-maze training and testing
For training and testing in the Y maze, gates were raised and lowered in a timed sequence for up to 48 consecutive trials per day, with the paired odor samples changed for each trial. Reward for the correct response was a drop of water; the odor sensor mice had been deprived of water for 23 h.
In previous studies (Yamazaki et al. 1979 Yamaguchi et al. 1981; Osada et al. 2003) , authors have routinely conducted olfactory learning experiments in Y mazes using 4-6 mice as odor sensors and have produced reproducible results. Therefore, in this study, 5 male adult mice were trained in a Y maze using water as a reward to detect differences in urine samples based on the presence or absence of citronellal (studies 1 and 2) or to detect differences in age (study three).
After successful training (>75% correct for each odor sensor mouse), unrewarded trials were interspersed, at an average frequency of 1 in 4, with rewarded trials to acclimate the mice to the occasional absence of reward after a correct response. The mice performed with comparable accuracy during these trials. The same 5 odor sensor mice were used in all experiments. Mice 1-3 were reinforced to select citronellal samples (studies 1 and 2) and Aged urine samples (study 3), and Mice 4 and 5 were reinforced to select control samples (studies 1 and 2) and Adult urine samples (study 3).
Generalization
After achieving the criterion response in the training trials (>75% correct for each odor sensor mouse), generalization trials were then instituted to test novel odor samples without reward and thus ensure that the odor sensor mice had learned to distinguish the class distinction rather than the individual samples used during training. The generalization procedure lends itself to the blind testing of coded samples because the operator of the maze is not required to supply a reward for concordant choices. To maintain reinforcement (correct response to the learned scent), unrewarded samples were interspersed uniformly with continued testing of the familiar training samples accompanied by a reward for the correct choice. Thus, odor sensor mice were never rewarded for correct choices during generalization trials, but these were interspersed with rewarded odor sample presentations.
Testing schedule
This report consists of 3 different studies. Study 1 explored the citronellal odor threshold of odor sensor mice: Mice were trained to distinguish different concentrations of citronellal solution in water and a noncitronellal solution. The citronellal solutions were prepared as a 10% solution in ethanol and then mixed with deionized water. The control solution was made with deionized water mixed with an equal amount of ethanol to that in the citronellal solutions. These training samples were prepared immediately prior to Y-maze training. The training trials were conducted using a 1000 ppm citronellal solution and control solution, and the generalization trials were conducted using the same concentrations of citronellal solution and control solution, but in these trials, the solutions were made approximately 24 h before conducting the Y-maze experiment and stored in closed vial tubes at 22°C. When odor sensor mice could successfully distinguish between the odor samples, the training and generalization samples were replaced with samples that had been serially diluted 10-fold. The odor thresholds of the sensor mice were designated as the citronellal concentrations between the lowest distinguishable citronellal concentration and the highest indistinguishable citronellal concentration. Air is drawn by a fan through a tube with an inlet near the input vent supplying the laboratory and is conducted through the left and right odor boxes. Each odor box has a lid to allow a petri dish containing the odor source to be placed. Air currents then pass through the left (L) and right (R) arms of the maze, which have transparent lids. Each arm of the maze is fitted with a plastic tube perforated at the bottom to make one drop of water available. Each water tube is blocked by a fence that is raised only if the mouse enters the arm scented by the odor consistent with its training. Each arm of the maze is fitted with a gate that is lowered once the mouse has entered. If the choice is incorrect, the fence is not raised, and the mouse is returned to the starting compartment (S). If the choice is correct, the fence is raised to give access to the drop of water. The time interval in the starting compartment is set at 30 s to allow the petri dishes in the odor boxes to be changed and to replace the drop of water if needed; after this, on a timed signal, all 3 gates are raised to commence the next trial. Left-right placing is determined by a series of random numbers. Trained mice make a choice in 2 or 3 s. Mice vary in their activity patterns prior to choosing a maze arm: sometimes the choice is made without pause and other times after sniffing at the entrance to the arms or sometimes with brief retracing from one arm to the other.
Study 2 was conducted to clarify whether orally ingested citronellal was released into the urine and emitted as an exogenous odorant that modified mouse urine odor. Mice trained to discriminate between the urine of mice that had ingested citronellal and those that had ingested control solution were then presented with a choice of odor samples with or without citronellal.
Finally, study 3 was conducted to determine whether urinary citronellal can mask differences in mouse urine odor associated with aging. Mice trained to discriminate between 5-fold diluted urine samples from Aged versus Adult mice were then presented with a choice of undiluted urine samples from Aged versus Adult mice that had both ingested citronellal. For the behavioral studies, the test samples consisted of pooled urine samples collected from the groups.
Statistical tests (Fisher's Exact test) were conducted after combining data from all 5 test mice into a single value.
Quantitation of volatile urinary chemicals using GC-MS
Chemical analysis by gas chromatography-quadrupole mass spectrometry (GC-MS) was conducted using a QP5000 ver. 2 (Shimadzu), and volatile urinary samples (n = 5 for each sample) were prepared using headspace solid-phase microextraction (HS-SPME) as previously described (Osada, Curran, et al. 2008) . Briefly, a gas chromatograph was fitted with a Restek Stabilwax column (30 m · 0.32 mm · 0.5 lm) (Restek). The carrier gas was helium, and the column flow rate was 2.4 mL/min. The oven temperature was maintained at 40°C for 5 min, then increased by 10°C/min to 200°C, and then increased by 5°C/min to 240°C. The injector temperature was held constant at 230°C. To concentrate the volatile constituents of the urine, an SPME fiber (2 cm, 50/30 lm DVD/ Carboxen/PDMS StableFlex, Supelco) was inserted into the headspace of a 4-mL vial for 30 min with a Teflon septum (Supelco) containing 150 lL of mouse urine that was then saturated with NaCl, warmed to 37-40°C, and stirred constantly. Identification of citronellal structures and other volatile peaks in urine was performed using both the NIST library and manual interpretation of mass spectra based on comparisons with the literature. In addition, comparison of relative retention times and mass spectra of authentic chemicals was performed using synthetic samples (Tashiro and Mori 1999; Tashiro et al. 2008) or standard chemicals (Sigma-Aldrich). The levels of urinary citronellal were estimated by referring to the standard curve. The chemical concentrations used for the standard curves were 0.1, 1, and 5 ppm.
Results
Study 1: odor threshold of sensor mice to citronellal solution
The number of training trials presented in this study represents only those by animals that trained successfully (>75% correct for each odor sensor mice) and participated in the generalization trials. In study 1, the numbers of training trials and generalization trials included all trials by all 5 mice (Table 1) . Mice were successfully trained to distinguish between 1000 ppm citronellal aqueous solution and control solution. Correct scores of greater than 80% were obtained for each of the 5 odor sensor mice tested, and this was confirmed in generalization (unrewarded) trials (Table 1 , test 1). Various concentrations of citronellal aqueous solutions (from 100 ppm to 100 ppb) were tested on the 5 odor sensor mice in descending concentrations (Table 1 , tests 2-5). Mice successfully distinguished the most dilute 100 ppb citronellal solution (70%, P < 0.01) but failed generalization trials using a 100 ppb citronellal sample prepared 24 h before the test (50%, not significant [NS]; Table 1 , test 5). It is known that most odorants are easily oxidized in air during handling or storage (Oka et al. 2004) and that the composition of citronellal in essential oil (Citrus tamurana) is decreased significantly during storage at ambient temperature (Choi and Sawamura 2002) . Therefore, the citronellal used in the generalization trials may have undergone decomposition during the 24 h before the test, resulting in the generation of derivatives and a reduction in concentration. Therefore, it was estimated that the odor threshold of trained sensor mice was close to a concentration of 100 ppb or less for the citronellal aqueous solution.
Chemical analysis of mouse urinary citronellal
From the results of study 1, we determined that sensor mice were able to detect the odor of citronellal aqueous solution at a concentration of 100 ppb or less in the Y-maze system. However, because there are numerous odoriferous chemicals in mouse urine, it is conceivable that if citronellal is discharged into mouse urine following oral ingestion, sensor mice may need a concentration of citronellal much greater Fisher's Exact test was used to determine statistical significance after combining data from all 5 odor sensor mice into a single value. Mice 1-3 were reinforced for citronellal solution, and mice 4 and 5 were reinforced for water. The number of training trials in this study represents only those mice that also underwent generalization trials. In all training trials, each odor sensor mouse performed better than could be expected by chance (50%). This was also the case in generalization trials, except in test 5, in which the response pattern was random.
than the threshold of 100 ppb to distinguish differences in urinary odor due to the presence or absence of citronellal.
To determine the concentration of citronellal required for ingestion by urine donor mice to enable detection, chemical analysis was conducted of urine from mice that ingested 0, 10, or 50 ppm citronellal in their drinking water for 1, 6, or 12 days (Figures 2 and 3) . The results showed that urine donor mice that had ingested 50 ppm citronellal solution excreted urine containing 600 ppb citronellal in the first day after citronellal ingestion and over 900 ppb on and after day 6. The urine of mice that ingested urinary citronellal concentrations of 10 ppm contained approximately 100 ppb of citronellal (Figure 3 ). Hence, in study 2, we used the urine of donor mice that had ingested 50 ppm citronellal solution for 12 days as the odor source.
Study 2: odor detection of urinary citronellal by test animals
In study 2, the number of training trials and generalization trials included all trials by all 5 mice (Table 2 ). Mice were successfully trained to distinguish between the urine of mice that had ingested 50 ppm citronellal and that of mice that had ingested the control solution ( Table 2 ). The generalization trials confirmed that citronellal ingestion changed the urinary odor of urine donor mice for both the 12 day citronellal ingestion samples (80%, P < 0.01; Table 2 , test 1), and the 6 day ingestion samples (78%, P < 0.01; Table 2 , test 2). These data indicated that urinary citronellal could be detected by the sensor mice even though the urinary samples were harvested after different administration time periods. To determine whether the distinction observed was attributable specifically to the novel odor imparted by citronellal, rather than to the effects of other odoriferous urinary compounds, Y-maze generalization assays were performed using control mouse urine samples with 500 ppb citronellal added and control mouse urine containing the same amount of ethanol, which was the solvent used to dissolve citronellal. Test animals discriminated between the presence or absence of citronellal in the urine samples, confirming that the distinction was due to the presence of citronellal (84%, P < 0.01; Table 2 , test 3). This finding suggests that alterations in mouse urinary odor following citronellal ingestion are due to citronellal and not due to the effects of citronellal metabolites or to alterations in the proportions of endogenous volatile urinary compounds in response to citronellal ingestion. However, in the generalization trials, test animals failed to discriminate between the presence or absence of 500 ppb citronellal in aqueous solution, suggesting that the interaction between citronellal and other urinary odorants altered the odor (58%, NS; Table 2 , test 4).
Study 3: effects of citronellal ingestion on discrimination of urine from aged mice
In order to determine whether test animals could detect agerelated differences in the urinary odor of mice that had ingested citronellal, we again used a Y-maze assay. To show the individual differences between odor sensor mice, we have presented the numbers of training and generalization trials separately (Table 3 ). The preliminary training trial showed Figure 2 Chromatograms from GC-MS analysis of HS-SPME of typical urine samples from individual Adult mice that had ingested citronellal solution at 0 ppm (A), 10 ppm (B), and 50 ppm (C) for 6 days. Numbers refer to the following compounds: 1, 6-methyl-5-heptene-3-one a ; 2, IT; 3, 2-nonen-1-ol a ; 4, DB; 5, acetic acid; 6, BT; 7, 2-ethyl-2-hexanol; 8, unknown; 9, benzaldehyde; 10, citronellal. a: Tentatively identified by mass spectrum (quadrupole). Changes in urinary citronellal levels over time in male mouse urine. Urine samples were collected from urine donor mice that had ingested 10 ppm or 50 ppm citronellal solution. Five urine donor mice provided urine samples that were used for chemical analysis. These data were compared by 2-way analysis of variance followed by a post hoc test, Tukey's honest significant difference test. Significance is represented by a dagger symbol for comparison between ingestion periods and by an asterisk for comparison of citronellal concentrations (*P < 0.05 for 0 ppm, **P < 0.001 for 0 ppm and 10 ppm, yP < 0.05, yyP < 0.01 for day 1).
that the mice distinguished between whole voided urine from Aged and Adult mice (80% [correct 239, incorrect 58] P < 0.001; data not shown). Because sucrose was added to the citronellal solution, ingestion of citronellal solution was more than 2 times that of tap water. Therefore, it was predicted that the intrinsic urine odor of a mouse that had ingested citronellal would be weaker than usual; thus, in the training trials for study 3, mice were presented with 5-fold (5·) diluted Aged urine versus 5· diluted Adult urine (Osada et al. 2003) . These training trials showed that mice were able to distinguish between 5· diluted Aged and Adult voided urine (79%, P < 0.001; Table 3 ); thus, the odor sensor mice could distinguish age based on urinary odor that was 5· weaker than the original voided urine. Next, to determine whether citronellal ingestion inhibited discrimination between Adult versus Aged urine, we tested whether odor sensor mice initially trained to discriminate between 5· diluted Adult and 5· diluted Aged mouse urine were able to discriminate between urine from Adult and Aged mice that had consumed citronellal (0, 10, or 50 ppm) ( Table 3 , tests 2-4). The generalization tests supported the hypothesis that urinary citronellal has a significant effect on mouse behavior because it inhibited the ability of trained sensor mice to discriminate between Aged versus Adult urine samples. When mice trained to choose the maze arm scented with Aged urine were presented with a choice of urine from Aged and Adult mice that had ingested 50 ppm citronellal, they failed to show a preference for the correct response (Table 3 , test 3).
In contrast, these mice could correctly distinguish urine from Aged and Adult mice that had ingested either vehicle (0 ppm citronellal) or 10 ppm citronellal (Table 3, tests 1 and 2). In study 3, odor sensor mouse 4 died before the last test (10 ppm citronellal) could be completed. However, loss of this mouse had only a limited effect on the results of the study, and the effects of 50 ppm citronellal ingestion in the odor masking test 3 remained when data from mouse 4 were omitted. (training trials 78%, P < 0.001; generalization trials: test 1 76%, P < 0.05; test 2, 75%, P < 0.05; test 3, 41%, NS).
Chemical analysis of urinary citronellal and agingassociated urinary chemosignals
To determine the effects of 50 ppm citronellal ingestion on urinary composition and urinary citronellal levels, urinary levels of citronellal, DB, BT, IT, and 6-hydroxy-6-methyl-3-heptanone (HMH, which is significantly decreased with age) were measured using HS-SPME in conjunction with GC-MS (Figures 4 and 5) . This chemical analysis revealed that citronellal levels in the urine of Aged mice that consumed 50 ppm citronellal were nearly identical to those in young Adult mice that consumed 50 ppm citronellal (Figures 4 and 5A) . In addition, although there were significant differences in the urinary levels of DB, BT, and HMH in Adult and Aged samples, there was no difference in content of these chemicals in the citronellal ingestion and control groups (Figures 4  and 5B-D) . There was no significant difference in urinary IT between the citronellal and control groups or between the Mice were successfully trained to distinguish between the urine of mice that had ingested 50 ppm citronellal (cit-U) and that of mice that ingested control solution (cont-U). The number of training trials in this study represents only those mice that also underwent generalization trials. Fisher's Exact test was used to determine statistical significance after combining data from all 5 odor sensor mice into a single value. Mice 1-3 were reinforced for citronellal solution, and mice 4 and 5 were reinforced for water. In all training trials, each odor sensor mouse performed better than could be expected by chance (50%). This was also the case in generalization trials, except in test 4, in which the response pattern was random. Cit, citronellal (500 ppb); e, ethanol (citronellal solvent). Mice 1-3 were reinforced for Aged (18 months) male mouse urine, and mice 4 and 5 were reinforced for Adult (5 months) male mouse urine. Tests were performed in this order: 0, 50, 10 ppm. C, correct; NC, not correct; n.t., not tested. Mouse 4 died before all tests could be completed. ***P < 0.001, **P < 0.01, *P < 0.05 (null hypothesis 50%) by Fisher's Exact test.
Adult and Aged groups (Adult control, 0.50 ± 0.06; Adult citronellal, 0.45 ± 0.06; Aged control, 0.61 ± 0.07; Aged citronellal, 0.62 ± 0.21. Total ion currents ·10 -7 ).
Discussion
The experiments described in this report demonstrate that an exogenous odorant, citronellal, was discharged into mouse urine following its ingestion and that citronellal altered the odor of normal mouse urine. In this study, we found that citronellal was released into mouse urine without undergoing chemical modification (Figures 2 and 3 ). In addition, we confirmed that animals could be successfully trained to distinguish between urine from mice that had ingested 50 ppm citronellal and from control mice (Table 2 , test 3). Although it is known that the scent of mouse urine is created by hundreds of odoriferous chemicals, this study demonstrates that the test mice could recognize a difference in urinary odor due to the presence or absence of only one scent, citronellal (Table 2 , tests 1-3).
There is considerable evidence to suggest that short-term fluctuations in body odors can be caused by diet (Leon 1975; Beauchamp 1976; Ferkin et al. 1997; Kwak et al. 2008 ). Some reports have suggested that dietary changes might mask genetically determined odortypes, thus preventing recognition of individual animals (Brown et al. 1996) . The most robust genetic contributors to individual body scents occur at highly polymorphic sites, including the major histocompatibility complex (MHC, or H-2 in mice) on chromosome 17 (Boyse et al. 1983; Schaefer et al. 2002) and the major urinary proteins (MUPs) (Hurst et al. 2001 ) on chromosome 4 (Bishop et al. 1982) . These genes can influence the composition of body odors that enable mice to distinguish one another according to the constellation of alleles carried. However, Kwak et al. (2008) demonstrated that although differences in MHC can be recognized even when obscured by major dietary changes, a significant change in diet has a greater effect on the total urinary odor profile than do MHC differences. In that study, the authors suggested that differences in urinary odor between different diet groups were determined by differences in the relative proportions of many volatile urinary compounds rather than by the presence or absence of specific compounds.
It has also been suggested that MUPs bind and release exogenous compounds. When a radiolabeled industrial chemical, a polychlorinated biphenyl derivative, was administered Figure 4 Chromatograms from GC-MS analysis of HS-SPME of typical mouse urine samples from (A) Adult male + control solution intake, (B) Adult male+ 50 ppm citronellal intake, (C) Aged male + control solution intake, and (D) Aged male + 50 ppm citronellal intake for 6 days. Numbers refer to the following compounds: 1, 6-hydroxy-6-methyl-3-heptanone derivative; 2, p-xylene; 3, 6-hydroxy-6-methyl-3-heptanone derivative; 4, nitromethane; 5, 5-heptene-2-one a ; 6, 4-methyl-6-heptene-3-one a ; 7, 6-methyl-5-heptene-3-one a ; 8, IT; 9, 2-nonen-1-ol a ; 10, DB; 11, acetic acid; 12, BT; 13, 2-ethyl-2-hexanol; 14, unknowns; 15, benzaldehyde; and 16, citronellal. a: Tentatively identified by mass spectrum (quadrupole).
to male mice intraperitoneally, significant radioactivity was incorporated into urinary MUPs (Larsen et al. 1990 ). In addition, Robertson et al. (1998) reported that menadione, when injected subcutaneously, was physically associated with excreted male urinary MUPs. Therefore, it is conceivable that these xenobiotic substances alter the relative proportions of urinary semiochemicals, which are carried by MUPs. However, we are unaware of any previous reports of xenobiotic substances capable of changing urinary chemosignals through their own odor. The behavioral and chemical results of studies 2 and 3 indicate that citronellal was the essential odorant in urine from citronellal-ingesting mice. To our knowledge, this is the first investigation in mice to show that oral ingestion and urinary excretion of a specific chemical can mask urinary odor with its own odor.
In a previous study, it was reported that xenobiotic aldehydes, including citronellal, are degraded by liver microsomal enzymes into unsaturated hydrocarbons (Roberts et al. 1991) . In that report, the authors showed that 2,6-dimethyl-1,5-heptadiene, the olefin predicted to result from the oxidative deformation of citronellal, was identified by GC-MS in the headspace gas of a reaction mixture containing citronellal and cytochrome P-450 2B4 (Roberts et al. 1991) . Therefore, it is possible that this citronellal metabolite could be responsible for alterations in urinary odor. However, the results of the Y-maze assay in this study in which citronellal was added to or excluded from urine samples clearly indicated that odor sensor mice can distinguish between these samples (Table 2 , test 3). In addition, chemical analysis in this study revealed that an infinitesimal quantity of 2,6-dimethyl-1,5-heptadiene was identified in urine samples from mice that had ingested 50 ppm citronellal (data not shown). Although we cannot rule out subtle changes in urine odor by unknown citronellal metabolites as a consequence of citronellal ingestion, these behavioral and chemical data imply that citronellal itself can modify mouse urinary odor.
In previous studies of humans, the odor of amniotic fluid obtained from women who had ingested garlic capsules was judged to be stronger or more garlicky than paired samples collected from women who had consumed placebo capsules (Mennella et al. 1995) . In another chemical study, it was shown that allyl methyl sulfide, one of the odoriferous volatile sulfur compounds in garlic, was absorbed from the gut into the bloodstream and then excreted in the alveolar air and urine (Suarez et al. 1999 ). Therefore, it is possible that citronellal is excreted in a similar manner without undergoing chemical modification.
In addition, this study showed that age-related changes in the urinary odor of male mice that had ingested 50 ppm citronellal were masked by citronellal released into the urine (Table 3: These data were compared by 2-way analysis of variance followed by a post hoc test, Tukey's honest significant difference test. Significance is represented by an asterisk for comparison of citronellal intake groups (*P < 0.05 between Adult and Aged urine donor groups, **P < 0.01 between Adult and Aged urine donor groups: ynot significant between citronellal and control solution urine donor groups).
3 showed that urinary citronellal levels were the same in Adult and Aged mice that had ingested 50 ppm citronellal but that citronellal was absent in the urine of control animals (Figures 4 and 5A) . In previous Y-maze experiments using voided urine, we revealed that inbred aged male mice developed an age-associated odor that was distinguishable to sensor mice in an experimental setting (Osada et al. 2003) . In addition, we identified chemical components present in the urine and showed that aged mice have higher levels of the volatile pheromones DB, BT and IT, and lower levels of the volatile pheromone HMH , which play a behaviorally significant role in mediating female recognition of mouse urine from older mice. The present chemical study also clearly indicated significant changes in the levels of these chemicals with age (Figures 4 and 5B-D). There were no significant differences in urinary IT levels between the citronellal ingestion and control groups or between the Adult and Aged groups. Because the urinary concentration of IT was about one-tenth that of DB and BT, it is possible that the higher intake of experimental solutions due to the presence of 1.7% sucrose, resulting in more dilute urine, obscured any differences in urinary IT content in the Adult and Aged groups. Therefore, the behavioral data presented in this report suggest that the odor of urinary citronellal masks age-related changes in the content of major volatile urinary compounds that occur with increasing age.
It is possible that subtle differences in other components of the urine from mice that did or did not ingest citronellal might also impair the discriminability of aged urine in odor sensor mice. However, chemical analysis in study 3 indicated that several natural urinary components known to contribute to aging-related changes in urinary odor, namely HMH, DB, BT and IT, were not altered by oral citronellal ingestion (Figures 4 and 5) . Therefore, these chemical data consist with the hypothesis that the odor of citronellal itself can mask age-related changes in urinary odor.
In this study, the same 5 odor sensor mice were used in all Y-maze experiments. Therefore, it is postulated that the failure of animals to discriminate when detectable levels of citronellal should be present (test 3) might be explained by a preservation of previously trained responses to citronellal. However, we know that odor sensor mice can quickly adopt the novel set of training samples and respond accurately to the generalization samples even though they were confronted quite different kind of odor samples (Osada et al. 2003 ). Therefore we do not think that previously trained responses to citronellal disturb the results of the other series of Y-maze tests. To completely preclude the above possibility, further experimental work is desired to perform the Y-maze test (study 3, test 3) using odor sensor mice that do not know the citronellal odor.
In rodents, older males are often preferred mates because they carry ''good'' genes that account for their longevity (Trivers 1972; Halliday 1978 Halliday , 1983 Manning 1985; Kokko and Lindstrom 1996; Brooks and Kemp 2001) , and females show greater attraction to the odor of male mouse urine when the urine is from aged males (Ferkin 1999; ). Thus, this study suggests that the administration of citronellal to wild mice could result in a decrease in population by inhibiting the attraction of females to male mice without the need for application of toxic substances. Clearly, further experimental work is needed to determine whether citronellal ingestion actually affects the response to age-related odors in male mouse urine by female mice.
Perception of age-related changes in urinary odors was not affected by ingestion of 10 ppm citronellal solution (Table 3 , test 2). These behavioral data suggest that the concentration of citronellal in the urine of these mice was insufficient to mask age-related changes in mouse urine.
It is not yet known which of the olfactory systems, the main olfactory system or the vomeronasal system, is mainly responsible for detecting differences in volatile urinary compounds in adult and aged male mouse urine. In a previous study, in vitro electrophysiology of the mouse vomeronasal organ (VNO) revealed that 6 volatile pheromones, including DB and BT, which are increased with age in male mouse urine, induced excitatory responses in single vomeronasal neurons, leading to the generation of action potentials and elevated calcium influx (Leinders-Zufall et al. 2000) . However, another study found that DB and BT did not increase Fos protein immunoreactivity (Fos-IR) in the mouse VNO (Kimoto et al. 2005) . Therefore, it remains unclear whether the volatile chemosignals in male mouse urine can stimulate the murine accessory olfactory bulb. A previous study showed that although cAMP levels in vomeronasal cells changed after exposure to DB and BT in a dose-dependent manner, cAMP levels in these cells were not affected by citronellal exposure (Zhou and Moss 1997) . Therefore, we postulate that citronellal may mask the response of the main olfactory system to other urinary odorants; however, the mechanisms governing this masking effect remain elusive.
One recent report suggested that fennel and clove odors (which add flavor and mask fat and fish odors) activated glomeruli and suppressed mitral cell activity in fish odorant-responsive glomerular clusters via lateral inhibitory connections in the local neuronal circuits of the olfactory bulb (Takahashi et al. 2004) . Citronellal is one of the major components in Japanese pepper; therefore, it is conceivable that citronellal could suppress age-related changes in male mouse urine odor in the same manner as fennel and clove odors. Alternatively, citronellal could directly suppress olfactory nerve responses (Sanhueza and Bacigalupo 1999) to urinary chemicals, acting as an olfactory receptor antagonist (Oka et al. 2004) or as an inhibitor of the cyclic nucleotide-gated channels located on olfactory nerve cells (Kurahashi et al. 1994 ).
In conclusion, although the results presented in this study were observed in an experimental setting, our findings clearly illustrate the following points: 1) odor from an exogenous odorant, citronellal, was discharged into mouse urine following its ingestion; 2) citronellal in mouse urine altered the odor of the urine; and 3) age-related changes in male mouse urine odor were masked by citronellal released into the urine. The finding of odor masking by citronellal described in this report provides a strong rationale for further studies not only in mice but also in other mammals that rely strongly on chemicals to communicate social and sexual messages, including humans.
